The Problem of CFAR Operation in Radar Systems
In modern radar systems, equipped with automatic detection circuits, the use of CFAR techniques is required to keep false alarms at a suitably low rate in an a-priori unknown, time varying and spatially non-homogeneous environment. The interference arises from clutter (i.e. land, sea and rain), ECM (i.e. chaff and jammers) and sidelobes of neighboring targets (e.g. in pulse compression radar). These interferences may have different dynamic ranges, probability distributions and correlation functions, which vary in both time and space (i.e. from adjacent radar resolution cells).
In order to achieve CFAR conditions, a combination of actions is taken in each subsystem of the radar, namely: 5 • Transmitter (waveform selection, frequency agility) • Antenna (control of sidelobe pattern) • Receiver (rejection of wideband interference, sensitivity-timecontrol, dynamic control) • Signal processing (fixed/adaptive MTI, Doppler filters, pulsecompression, hard-limiting, clutter sensors) • Detection and data extraction (adaptive thresholding) • Data processing (clutter maps, rejection of stationary tracks, selective counters of plots in each coverage sector).
At the signal processing and detection level, which is mainly consiDiscrete sources are water towers, buildings, sea waves and small hills. Examples of distributed sources are grass, sea ripple and rain. 9 Clutter varies both in time (at a given range-azimuth-elevation cell) and space (at a certain instant of time). 3 Spatial and temporal distributions are generally different. In addition, polarization properties (representing another relevant signature of clutter) are affected by the mix of scatterer types. Figure 2 shows the space-time characterization of clutter data which can be seen as either a succession of spatial snapshots or a bundle of temporal sequences. It is worth noting that temporal distribution and correlation are relevant for the temporal thresholding approach and that the corresponding spatial characteristics apply to the spatial thresholding approach.
The mathematical model of noncoherent clutter echoes is based on the probability density function (pdf) of the clutter reflectivity ao. It is important to analyze the dependence of p (ao) vs time, space, polarization and other relevant radar parameters, such as grazing angle and frequency. 9 The simplest and most widely used probabilistic model of clutter amplitude is the Rayleigh pdf, which applies when a large number of scatterers is contained in each cell (i.e. the central limit theorem applies). Other probabilistic models are the lognormal, the Weibull, the K-distribution, the Ricean, the Gaussian contaminated and the Trunk model. 1 • On land, where echoes from strong reflecting objects dominate and the line-of-sight is near horizontal, or when flat surfaces are shadowed by high areas • At sea, when echoes from wave crests are enhanced because multi-path effects are at smaller grazing angles, or when troughs are shadowed by crests • With high resolution radars, in which individual clutter points are resolved. In this case, the mean clutter content decreases, but the maximum clutter content does not.
The use of the temporal thresholding approach enhances spatial interclutter visibility.
Consider in more detail the statistical description of land, sea and rain clutter sources. Land clutter is stationary with time but non-homogeneous in space. Temporal and spatial distributions range from Ricean to lognormal and Weibull, the parameters of the distributions being greatly different in time and space. Temporal thresholding techniques (also referred to as clutter map) are required to cope with spatial non-homogeneity.
Rain clutter is not stationary from scan to scan, but it is homogeneous in space (with the relevant exception of edge effects). The pdf of o 0 is a Rayleigh distribution. A spatial non-parametric CFAR. The cell averaging CFAR 2 -11 basic diagram is shown in Figure 3 . Following the envelope detector, a shift register stores a certain number of echoes from range cells surrounding the range cell under detection test. By assuming that the pdf of the interference is a Rayleigh distribution, the variance (i.e. the noise power) of this distribution is estimated by averaging the content of the shift register. The false alarm probability depends on the shift register length N and the constant C, as follows:
The limited length of the shift register limits the accuracy of the noise power estimation, thus requiring a higher threshold setting and causing a decrease in detection performance with respect to the fixedthreshold case. The so-called CFAR loss depends on the shift regthresholding approach is adequate to achieve the CFAR condition.
In sea clutter the temporal and spatial statistics are interrelated. Temporal statistics are a Rayleigh distribution for high depression angles, but they become lognormal at low depression angles. The sea clutter is homogeneous and stationary within a certain degree. Temporal thresholding is adequate for coastal radar, while spatial thresholding may be suitable for shipborne radar.
Non-Coherent Adaptive Thresholding Techniques
The ensuing sections are devoted to the description of spatial and temporal thresholding devices and comparison between them.
Spatial Adaptive Thresholding Techniques
Two different solutions are commonly known from the technical literature; cell-averaging CFAR and ister length, the designed P 0 and PFA values and the number of pulses in the received train. Performance degradation occurs when the pdf of the noise envelope differs from the Rayleigh distribution case. Additional degradation occurs at the edge of the clutter patch, but more complex arrangements than that shown in Figure 3 have been conceived to reduce the edge effects. 10 Let us now consider the non-parametric CFAR device. 11 It is assumed that the statistics of the interference are unknown. The rationale of the approach is to conceive a suitable non-linear transformation that maps the original unknown pdf onto a known one where a fixed threshold produces a CFAR action. In other words, the parametric approach is insensitive to changes of the input pdf rather than adaptive to it. The sign detector is the simplest non-parametric device; it transforms the input data into data following a binomial distribution. Another tranformation is based on the ranking of the test cell against the disturbance samples in the adjacent cells (see Figure 4) . The non-parametric tests suffer substantial CFAR loss on the order of several dB.
to track clutter points. Figure 5 illustrates the mechanism to estimate the power level Pj at the jth cell by averaging over the radar scans (index k in the figure) by means of a simple one-pole lowpiass filter, where the parameter (3 controls the filter memory (or reaction time) and the delay T S CAN is the scan repetition interval. The threshold value for each cell equals the product of Pj by the parameter c(1-p) which sets the PFA value. Several remarks about this method are in order. The size of the map cell should be greater than or equal to the radar cell size to match the spatial non-homogeneity of the clutter. As it will be noted later, the inconvenience of useful target masking (which may affect this technique) is reduced if the map cell size is larger than the radar cell size. The reaction time of the lowpass filter should be longer than the dwell of the target in the map cell but shorter than the dwell of movable clutter. As a matter of fact, a long reaction time means accurate estimation of the background power and then limited detection loss. On the other hand, a short reaction time provides a fast adaptation to a non-stationary clutter but limited accuracy and hence larger losses.
Performance of Temporal Adaptive Thresholding Techniques
The clutter map's performance is expressed by means of the following features and parameters: The settling time increases as /3 approaches unity. It can be shown that the power estimation error variance is reduced by a factor (1+/3)/ (1 -p) with respect to the variance of each sample; hence, this factor can be regarded as the equivalent memory of the filter. Figure 6 shows the time evolution of the actual P FA value as a function of the radar scan number, when the ideal P F A value is equal to 10- 6 , for different values of the lowpass filter memory. It is possible that the closer P approaches unity, the better the
Temporal Adaptive Thresholding Techniques
These techniques involve the use of clutter maps. 4 Different types of maps are available, according to:
• The geometry of the map: the surveillance space is divided into cells (greater than or equal to the radar resolution) arranged in a rectangular or polar grid • The map building procedure: the map charging may be made once or periodically repeated, with up and down counters or by amplitude averaging (in the last procedure the mean background level is estimated on a cell-by-cell basis by temporal averaging of radar echoes over several radar scans). Assuming a map cell larger than the radar cell, the data obtained in one radar cell may be used alone or in combination with data from adjacent cells • The approaches taken: different actions can be decided on the basis of the content of the clutter map: i.e. to blank a certain zone, to switch between different processing channels (e.g. MTI on/off), to set the detection threshold in each cell of the map and, finally, and for two different pairs of (PD, PFA).
Self Masking
Target self-masking may occur in slowly moving targets, when the radar resolution is poor or when the size of the map cell is comparable in size with that of the radar cell. Figure 8 indicates the decrease of PD as the number of radar scans increases, the parameter of the curves being "/T. In other words, if the useful target remains in a certain cell, its power produces an increase of the detection threshold with a corresponding decrease of the PD value. A remedy for this undesired phenomenon relies on making the map cell much greater than the radar cell. In this way, the percentage of target power in the map cell is lowered. A related drawback is the poor interclutter visibility at the radar cell level.
The performance of a clutter map in response to a moving target can be defined in terms of the "clutter map velocity response," representing the detection probability vs the velocity of the target/clutter input. It depends on the cell dimension, the clutter mean velocity, the spatial extension of the clutter patch and the range of target velocities. A representation of the clutter map velocity response is given in Figure 9 . It can be seen that for low velocity values the detection probability is very low (i.e. the map entry, likely to be a clutter, is cancelled), while the PD value increases as the velocity of target increases.
Mutual Masking
A target or an interference source occupying a map cell at a given scan angle may cause an excessively high threshold at successive radar scans. As a consequence, the probability of detecting a target passing in that cell depends on the number of scans elapsed since the previous target (or clutter) left the cell. Figure 10 illustrates this situation: P D is drawn vs the number of radar scans, with /3 as a variable parameter. It can be seen that a short reaction time favors the target recovering after a few scans. The remedy to the masking effect, especially in the case with /3 approxi- mately equal to unity, is the same as that applied in the self-masking situation.
If we compare the clutter map approach with the cell averaging approach, we note that the main consequences of setting the detector threshold on a cell-by-cell basis are the capability of interclutter visibility, the signal strength with respect to clutter reflectivity spatial variation, and the capability of dealing with the edges of a clutter patch. On the other hand, the cell averaging device has a settling time of a few /xs compared to several seconds with the clutter map, which means quick reaction to movable clutter. Cellaveraging is not subject to selfmasking except when high level sidelobes are present, as in the case of a long coded pulse. Mutual masking may occur between targets close in range. Cell averaging is much more sensitive to space variation of clutter reflectivity (i.e. poor interclutter visibility) but it gives a reduced cancellation of slowlymoving targets.
Additional Non-Coherent CFAR Techniques
The other methods mentioned in this section, for completeness, make use of non-linear receivers. 1 The rationale of this approach is to normalize the interference and then recover the target signal using integration procedures. The popular Dicke-fix receiver employs a wideband hard limiter to limit the interference, cascaded with a narrowband filter to recover the target dynamic range. Another popular receiver is the binary integrator in which normalization is accomplished by quantizing, to a common value, those signals exceeding a certain threshold. The target is recovered by counting the number of times the first threshold is exceeded and then comparing this number with a second threshold. It is a simple device, but the settling of the two thresholds depends on its correlation properties.
Coherent CFAR Techniques
To complete the examination of the CFAR techniques at our disposal, consider the so-called "coherent clutter map for land clutter." 7 This technique is envisaged to achieve subclutter visibility of low velocity targets in operational situations not compatible with MTI technique. In order to understand the rationale of this coherent clutter map, it is useful to represent the gound clutter echo in a certain cell as a point in the complex plane, as shown in Figure  11 . It can be seen that a land echo exhibits a strong coherent component to which a weak diffuse component is added. Traditional thresholding methods estimate the total clutter power from which a threshold is established. This results in a centered threshold contour with which to compare the echo power in the cell under test. It follows that the target echo power must be large enough to encompass the entire coherent component, no matter how small the diffuse component is. rametersai, a2,..., a p • Estimate the AR power spectral density P z of z t according to the equation:
(7) where the parameters £1, £&..., dp of the AR process z t are found by inversion of the estimated covariance matrix of z t by application of Levinson's algorithm. 13 Apply the following detection rule: (8) It can be shown that the performance of such a detector is independent of the following parameters:
• 0% under H 0 hypothesis, i.e. the detector is CFAR in white Gaussian noise • Doppler frequency fp • Random phase • The shape and autocorrelation of the signal s t .
It also can be shown that the AR detector suffers few dB of loss compared to a bank of Doppler filters when the target signal is a sinusoid of unknown deterministic Doppler frequency fo-On the contrary, the AR detector performs better than the Doppler filter bank when the signal has a non-zero spectral width. A strong limitation of the AR detector is related to the limited performance in the presence of correlated disturbance (i.e. a clutter source). In this case, the detection problem should be restated as shown in reference 14, where a dual-channel detector is envisaged.
Conclusion
An outline of some relevant adaptive techniques used to achieve CFAR operation has been provided. In particular, the problems relevant to the application of clutter maps and spatial averaging, in the presence of non-homogeneous and movable clutter sources, have been discussed. Original results have been presented in the performance evaluation. A well-defined design procedure is not generally available for such techniques; furthermore, the interaction with other radar techniques (e.g. pulse-compression, MTI) should be considered in .
timating the coherent component on a cell-by-cell basis and then subtracting this component from the actual return and finally using centered thresholding. The coherentto-diffuse power ratio is directly related to the gain in detection, such that the target power should overcome only the diffuse component of clutter. It has been experimentally demonstrated that the coherent map approach is useful in urban clutter and brushland at low wind velocity. The last CFAR detection scheme considered is based on robust detection by means of autoregressive (AR) spectrum analysis. 8 Consider the following detection problem:
An alternative, more efficient approach resorts to offset thresholding, as indicated in Figure 12 . This arrangement is implemented by es- 
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where the useful signal "s t " has an unknown shape, the frequency fp has a deterministic unknown value, the initial phase <p is random and n t is white Gaussian noise with unknown variance 0$. The detector is derived according to the following steps:
• Model z t in the H 1 hypothesis as an AR process with unknown pa-
the analysis. More CFAR techniques should be adapted to the processing task to cope with interferences having different characteristics.
•
